Compressed natural gas (CNG) has great potential as an alternative fuel for vehicle engines, and can reduce emissions and improve fuel economy. A single cylinder research engine has been modified to enable direct injection of a small quantity of fuel near the spark plug, independently of an overall lean homogeneous charge. Thus a partially stratified charge is formed within the chamber, which allows significant extension of the lean limit of combustion. This results in an improvement in specific fuel consumption.
Unburned density ω Turbulent mean reaction rate INTRODUCTION Natural gas is considered to be the most important short term alternative for internal combustion engines applications. The public interest in CNG engines for vehicle applications has increased for different reasons [1, 2, 3, 4] . First of all, methane shows big advantages if compared with gasoline and diesel fuel because of its chemical characteristics. In Table 1 some of the most interesting commercial and technical properties of CNG are compared with gasoline ones [5] . NG has a high octane number (RON=110-130) and, therefore, ideal characteristics for high compression ratio engines. NG has a very high auto ignition resistance: the minimum spark energy required for methane ignition is much higher than that required for other HCs. NG low flame temperature helps to limit the formation of NOx, and since it contains only 75% carbon by mass against 86-88% for gasoline or diesel, it produces less CO 2 per unit energy released. NG is likely to be safer than gasoline or diesel since its low density, high ignition temperature (540°C) and high flammability limits give the gas high dispersal rate and make it less dangerous with respect to explosions. Unfortunately, engine performances are affected by its use because of the reduction of the air breathing capacity of the engine itself, and, furthermore, its low energy density causes storage problems onboard with the issue of heavy pressurized storage tanks. Issues associated with high pressure storage offset some of the combustion safety benefits mentioned earlier. Moreover, the tank needed is about 4 times bigger than a gasoline one in order to reach vehicle autonomy. Table 1 Lean burn natural gas engines offer higher efficiency and lower NOx than stoichiometric natural gas engines, and much lower particulate emissions than diesel engines. It constitutes a promising approach to meet the increasingly stringent exhaust emissions targets for medium and heavy-duty engines.
The previous statements can be confirmed by the study reported in [5] where the analysis of the performance of a Fiat MiniVan equipped with different engines has been performed. In particular, as shown in Table 2 , a 2.2 l Turbodiesel, a 1.8 l gasoline, a 1.6 l CNG stoichiometric version, and a lean burn 1.9 l have been considered. The results show that a lean-burn strategy allows an increase in the compression ratio, which results in lower fuel consumption. The power output of the lean burn CNG engine is comparable or even superior to the diesel one, although the displacement is lower. In particular the torque output is similar to the diesel engine and significantly higher than the stoichiometric CNG one, the peak value being reached at lower speed, which constitutes a great advantage, especially in the highly traffic congested areas. Finally, the NOx emissions of the lean burn engine fulfil the EURO4 regulations by the use of EGR, without the use of any expensive aftertreatment devices. To a certain extent, a "lean strategy" allows the control of the engine load without throttling by changing the mixture composition. In turn, the reduction of throttle use increases the volumetric efficiency at part loads by minimising the pumping losses. However, as the mixture is leaned out beyond a certain point, the efficiency gain of lean operation cannot be realized. Beyond this critical point, (referred to as the lean limit), the stability of engine operation is affected by cyclic variation, and carbon monoxide (CO) and total hydrocarbon (HC) emissions tend to increase as well.
The lean-limit of natural gas combustion can be extended by using a unique partially stratified-charge (PSC) engine concept, currently under development by Evans [6, 7] .
In this kind of engine, the main charge is homogeneous and lean. A small amount of gas is injected near the spark plug, creating a rich mixture in the region of the spark plug electrodes just prior to ignition. When the spark is fired, a stable flame kernel forms in the relatively fuel-rich region, which then propagates through the combustion chamber.
To further examine the PSC engine potential, a joint project has been developed between the University of British Columbia of Vancouver (Canada) and the University of Roma Tor Vergata (Italy) in order to establish an optimization procedure by means of a mixed experimental-numerical approach to design a combustion chamber devoted to operation with compressed natural gas under lean mixture conditions. The use of fast and detailed numerical tools allow examination in detail of the in-cylinder processes and simple testing of a number of different chamber configurations. The final product of such a mixed procedure would consist of optimized chamber geometry for the specific use of CNG under lean and stratified operating conditions.
In this paper the results related to an intermediate step of this project are presented. The results are related to the validation of the numerical procedure by using a properly designed research engine under lean homogeneous and partially stratified mixture conditions.
The experimental research has been conducted in UBC using an engine configured for the use of lean CNG mixtures, while the numerical activity has been carried out at UTV.
The numerical tools consist of: -a largely modified version [8, 9, 10, 11] of the multidimensional KIVA-3V code to simulate the in-cylinder processes; -a 1D code entirely developed at UTV [12, 13, 14, 15, 16, 17] to simulate the overall engine and to provide correct boundary conditions to the multi-dimensional code. KIVA 3V code has been largely modified to improve its predictive capabilities by the use of more reliable tools and sub-models: the main improvements are listed below:
-a modified grid generation procedure which guarantees a regular grid during the overall simulation cycle; -a CFM turbulent combustion model based on the flamelet hypothesis; -CNG injection modules; -a modified ignition model. In the present paper, this approach has been validated against the experimental results obtained by a spark-ignited Ricardo Hydra single-cylinder research engine.
Present research covers the following phases: 1. experimental and numerical analysis under homogeneous-stoichiometric mixture conditions; 2. experimental and numerical analysis under homogeneous-lean mixture conditions; 3. experimental and numerical analysis under Partially Stratified Charge conditions. Numerical results have been compared to the experimental data in terms of pressure cycles, heat release trends, and main thermo-dynamic and flame surface (Σ). 3D visualizations have been provided to analyse the physical processes evolution and give an idea of the potential of the mixed experimentalnumerical approach.
EXPERIMENTAL SET UP
The experimental work reported here was undertaken with a Ricardo Hydra single cylinder research engine in the Department of Mechanical Engineering at UBC. The engine is set-up in spark-ignition configuration and is fuelled by natural gas from the city mains. It has a two-valve cylinder head with a flat fire-deck and a bowl-type combustion chamber machined into the piston. This was chosen to be representative of most medium-duty engines. The compression ratio has been set at 9.26:1 in order to facilitate direct injection of the PSC fuel. Note that the initial model validation against experimental homogeneous data was taken when the compression ratio on the research engine was higher, at 11.92:1.
The test engine is fully instrumented and high-speed measurement of in-cylinder pressure provides data for accurate combustion analysis. A comprehensive emissions bench enables measurement of the following exhaust gas levels: oxygen, carbon dioxide, carbon monoxide, methane, total hydrocarbons and oxides of nitrogen.
The PSC system uses a high-pressure natural gas line (200 bar), which is regulated to lower pressures (around 25 bar) to supply partial stratification injector. The PSC injected fuel flow rate is measured using a low-range thermal mass flow meter. A fast-response solenoid valve is used to control the injection timing and quantity. After the solenoid, a capillary tube with 0.53 mm internal diameter directs the PSC fuel to the sparkplug/injector, (see Figure 1) , and a check-valve installed close to the plug prevents back-flow of combustion gases. Software control of both the spark timing and the PSC injector settings is achieved through a Labview interface.
The design of the experimental spark-plug injector is likely to give rise to leaked HC emissions from the capillary tube during the expansion stroke, and in order to mitigate these emissions the volume of the capillary tube and the passages within the spark-plug injector have been minimised. However the "leaked" HC emissions appear to be relatively independent of load and speed conditions and so do not obscure emissions trends. Note that a production model of spark-plug injector would be designed so as to eliminate any such "leaked" emissions. The spark-plug/injector design is critical to the operation of the partially stratified-charge engine. It must provide a means of precisely directing fuel into the region of the spark plug electrodes, without compromising the quality or reliability of the spark. The plug-injector design used has a hole drilled into the upper metal body where the capillary tube is attached. The natural gas is delivered to the electrodes via a fine slot in the threads and then through a very small hole in the threaded wall. In this way production complications are minimized, electrode reach is unchanged, and the integrity of the spark plug is not compromised. Figure 2a illustrates the spark-pluginjector design used, and Figure 2b is a schematic of the complete PSC system.
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COMPUTATIONAL TOOLS
Lean burn and stratified operation are highly dependent on local fluid-dynamics. As a consequence, a complete simulation of the engine is required, and has been performed by using a mixed 3D-1D approach. 3D tools are mainly used to model the in-cylinder thermo-fluid dynamic processes; 1D tools are used to compute realistic time-dependent 3D-code boundary conditions (at the end of the intake and exhaust ducts), by means of which the presence of the overall engine ducts and devices (from the filter to the tailpipe) can be taken into account.
3D tools
The multi-dimensional code is a modified version of the KIVA-3V code [18] . KIVA-3V solves the conservation of mass, momentum, energy and species equations for turbulent flows following a finite volume approach, and is able to manage moving grids such as piston, valves, etc. Temporal and spatial differencing is managed by using semi-implicit quasi secondorder up-winding approaches with the Arbitrary Lagrangian Eulerian technique. KIVA-3V has been used to successfully model gasoline, diesel and NG fuelled engines since its inception, and still represents the best code to simulate incylinder processes. Nevertheless, some modifications are needed to improve its predictive capabilities with special regard to the representation of ignition and combustion processes. Some details about these modifications are provided below.
Combustion model
A Coherent Flame Model (CFM) has been implemented into the KIVA-3V model in order to improve its predictive capabilities.
In previous works the Authors tested other combustion models, namely those referred to as the Abraham and Cant formulations for gasoline and CNG engine applications respectively. The characteristic times in the Abraham formulation showed strong limitations when varying the engine operating conditions without tuning the model constants. This meant that the Cant flamelet formulation fit the different engine operating conditions well, as its tuning parameters were kept fixed. This analysis was carried out under both stoichiometric and lean conditions for gasoline and CNG applications. The mixture conditions were always homogeneous. Extension of the Cant formulation to stratified conditions by including the mixture fraction did not provide satisfying results. In accordance with [19] , where the model extension was first presented, tests based on the Hydra engine data gave satisfying results only by hard tuning of the characteristic constants.
Thus, the CFM model has been introduced, extending its original formulation to keep into account the mixture strength variation within the range typical of the partial stratified conditions.
The CFM model was first introduced by Marble and Broadwell [20] , and later extended [21, 22, 23] . Its formulation is based on the hypothesis of flamelet combustion, originally developed by Williams [24] , Peters [25] and Mantel and Borghi [26] . The generalized flamelet assumption requires that chemical reactions take place in thin sheets which propagate at the laminar flame speed. The chemical reaction of fuel oxidation is supposed to occur in this very thin layer separating the burned and unburned gases.
Although the flame thickness increases once the mixture is in a certain lean range, the role of chemical kinetics is more important. The approach presented in [19] and [27] was also followed, where experimental evidence ( [28] and [29] ) was given. By examining flames at different equivalence ratios, it was shown that combustion can still occur in laminar flamelets. This implies that the chemical time scale is short in comparison with the turbulent time scale, and therefore the chemistry can be decoupled from the turbulence.
The mean reaction rate then can be expressed by:
In the mean reaction rate model two unknown parameters appear: S L and Σ.
The former depends strictly on local thermochemical variables, even if its modelling recently received considerable attention to take into account stretch and curvature effects by using DNS [30] [31] [32] [33] . In this paper it is calculated through the following equations [34] :
where S L0 is the unstretched laminar burning velocity at room temperature and pressure expressed as a function of the equivalence ratio as:
where a k , b k , c k , d k , α k and β k are constants depending on the fuel. Values are given for methane and other fuels in [35] Nevertheless, the model used in the present calculations does not depend on stretch and curvature. The latter term Σ can be described by an exact transport equation:
where ν F is the velocity of the flame surface, given by the sum of the velocity and the flame propagation speed in the normal direction, and n is the unit normal vector to the flame surface.
In a turbulent flow field the Σ equation becomes:
whereΣ is the mean surface value,ν and ν′ the Favre mean and fluctuating velocities, and k S is the turbulent flame stretch. The basic physical processes are represented by three transport terms on the LHS (mean flow, turbulence and flame propagation), while on the RHS production and destruction terms depend on flame stretch.
Modelling assumptions are needed for turbulent transport and flame-stretch terms; a general form of the modelled transport equation is here reported:
where S represents the source term corresponding to the flame stretch induced by the turbulent eddies, and D represents the destruction term which comes from the burnout of the flame.
Substituting the CFM modelling assumptions, the final equation gives:
where e represents the mean strain rate (equal to c e ε/k, c e being a constant equal to 5), and α and β are model constants (here considered equal to 0.85 and 4 respectively); normally a further term −∇⋅νΣ is added to take into account the compressibility effects.
Since the flamelet assumption leads to a separation between flame and turbulent scales, all the chemical reactions can be summarized into the S L quantity, and this model can behave satisfactorily by keeping track of two species: the unburned and the burned mixtures.
The CFM model has been applied to the simulation of premixed methane burners [36] in comparison with similar flame surface based models, and demonstrated to succeed in numerically capturing the temperature and velocity fields that match the experimental data.
The CFM model has been also applied successfully to model combustion in SI engines [37, 38, 39, 40] ; the model gave significant results in terms of predictive reliability and results accuracy.
Ignition Model
A detailed description of the initial kernel growth is absolutely necessary in order to define the correct initial conditions for the subsequent main flame propagation. For this reason an ignition model has been formulated which simulates kernel formation and development. It takes into account combustion chamber geometry, local and global thermo-fluiddynamic characteristics, turbulence intensity, engine operating conditions (rpm, load, etc.) and chemical effects (air/fuel ratio, fuel, etc.). The ignition model is derived from the description of ignition phenomenon made by Herveg and Maly [41] . Moreover, it makes possible the simulation of different spark discharge processes (breakdown, arc discharge, and glow discharge).
The model is then based on mass and energy balances of the flame kernel during kernel formation and on the first law of thermodynamics. Starting from these balances, as described in detail in [10] , the flame kernel growth model is completely described through the following differential equations:
In these equations, as flame kernel formation in IC engines is influenced both by turbulence (S t ) and spark plasma expansion (S Plasma ), the velocity S, related to the mass kernel expansion (dm k /dt=ρ u SA k ), has been replaced by a generalised velocity which keeps into account both the phenomena (S=S t +S Plasma ). In particular, the plasma velocity is evaluated by considering the kernel radius expansion velocity due to both the phenomena of thermal heating of plasma (provided by electrical power supplied to the plug), and the release of chemically stored energy into the plasma (isobaric expansion). Its profile is quickly decreasing with time and it becomes negligible with respect to the turbulent velocity S t when the kernel radius is greater than about 2 mm. At that stage the flame kernel passes through a transition phase of increasing flame wrinkling, and then attains the properties of fully developed flames.
In general, the assumption is made that when kernel volume becomes greater than 3mm 3 the ignition model terminates. At this critical volume the phase of kernel growth controlled by plasma expansion velocity can be considered over. Kernel dimensions are then, in fact, sufficiently large to interact with the smallest turbulent length scales, so becoming very sensitive to the local turbulent flow field [10] .
In this way, once the spark timing and the spark plug characteristics have been defined, it is possible to simulate the initial development of the flame kernel. Hence the ignition delay as a function of the physical and chemical influencing parameters is automatically defined, and the energy actually transferred from the spark plug to the mixture can be quantified.
Injection Model
The methane injection has been simulated by specifying time-varying mass flow, velocity, specific internal energy, turbulent kinetic energy and species concentration. The model is derived from the formulation of Papageorgakis and Assanis [42] where the previous parameters are converted into source terms applied to the equations of mass, momentum, specific internal energy and turbulent kinetic energy.
The source terms are updated each timestep in order to simulate as continuous an injection profile as possible.
1D tools
The FORTRAN 1D FW2004 code has been entirely developed at UTV since 1996; its results [12, 13, 14, 15, 16, 17] have confirmed its good predictive capabilities. FW2004 calculates the flow field in internal combustion engines based on 1D fluid dynamics. It solves the flow effects only in the pipe axis direction, the flow field in each perpendicular plane being assumed to be uniform. Further numerical details are given in Appendix 1.
FW2004 has been successfully used to predict gasoline engine performance with regard to simple combustion chamber geometries; when complicated geometries are concerned, a more detailed (3D) approach is desirable to take into proper account non-axisymmetric chambers. Nevertheless, FW2004 can be successfully used to simulate the presence of the overall engine ducts and devices, in order to provide the actual and time dependent boundary conditions to the 3D code, which in turn computes the 3D chamber and intake-exhaust duct fluid dynamics.
To this aim, the fluid dynamic structure of the engine is represented as a simple model composed of two types of elements: capacities (atmosphere, case, cylinder) and pipes.
All of the objects that characterize the scheme are connected through joints.
In Figure 3 , the pressure fluctuations, related to the intake and exhaust ducts respectively, evaluated by the FW2004 1D code are reported.
Figure 3: Pressure boundary conditions ENGINE AND COMPUTATIONAL DETAILS
As a first step of the optimization analysis procedure, the overall predictive capabilities of the numerical tools have been verified versus experimental data. Different engine operating conditions have been verified in terms of pressure cycles, mass burned rate profiles and expressive parameters such as pressure peak p max and its angular position θ pmax . The present analysis of results will be divided into two subsections: in the first one the analysis described has been carried out under homogeneous stoichiometric, lean and very lean mixture conditions, while in the second one the results related to partial stratified conditions will be presented. The main engine characteristics are reported in Table 3 . It has to be remarked that, under partially stratified conditions, the squish volume has changed from 1.902 cm 3 to 16.468 cm 3 . In other words, the distance from piston crown to cylinder face is now equal to 3.16 mm, (changed from 0.365 mm), the other geometrical parameters (i.e. bore, stroke, piston geometry, etc.) being the same.
The combustion chamber computational grid is sketched in Figure 4 , while details of the valves and of the cylinder head are reported in Figures 5 and 6 respectively. It consists of about 150,000 nodes. An efficient design tool (ICEM CFD [43] ) and an improved rezoning algorithm [11] make it possible to obtain a regular mesh, especially close to the spark plug, during the overall piston stroke. The results have been checked for grid sensitivity and the trends are observed to be consistent in all the investigated cases. 
Homogeneous mixture analysis
The simulated engine operating conditions are reported in Table 4 : only the most significant among all the experimental available data [44] have been chosen to be described here in detail in terms of pressure traces, heat release curves, flame surface, velocity, turbulence and the main thermodynamic fields. It is important to remark that no adjustment of the tuning constants of the combustion model has been required by varying equivalence ratio (between 0.9 and 1.5), consistent with the results obtained by the Authors with other combustion models in [8] , [9] and [10] , for a CNG IVECO engine and for a FIAT 1242cc SI gasoline engine respectively. Table 4 : Simulated engine operating conditions Numerical-experimental pressure trace comparisons and mass burned rate profiles (x b ) are sketched in Figure 7 for case #1. The agreement between experimental and numerical data is satisfactory since the error in terms of maximum pressure value is always lower than 3%, the evolution of the angles where the pressure maximum value occurs is predicted within 1° error and the mass burned rate profile is assumed here to be similar to the experimental heat release rate data. Instantaneous mass burned rate profiles (dx b /dϑ) are reported in Figures 8, showing good agreement for this parameter also. Pressure traces for case #2 and case #3 are sketched in Figures 9 and 10 , respectively.
Moreover, in order to demonstrate the capability of the numerical approach, the velocity and turbulence fields for case #1 are reported for different crank angles in Figures 11, 12 and 13. The evolution of the combustion chamber flow field and macro-turbulence is strongly affected by the intake and exhaust processes, which in turn influences the ignition and combustion phase processes. Temperature fields are in fact asymmetric, as it is observable in Figures 14, 15 and 16 for case #1 with reference to a burned mass fraction of 5%, 50% and 90% respectively. The asymmetry depends on the flow and turbulence field characteristics at the beginning of the flame development.
Finally, specific flame surfaces (Σ) have been examined. In Figures 17, 18 and 19 , the Σ fields are displayed for case #1, with respect to the same conditions of Figures 14, 15 and 16 . Σ values have been presented in Figure 20 for two orthogonal sections to highlight the different distribution of the specific flame surface. 
PSC mixture analysis
In this section the preliminary numerical results on the PSC engine concept are presented. In particular the analysis has been focused on a wide-open throttle case at the engine speed of 2000 rpm. As previously remarked, the basics of PSC strategy consist of the injection of a small quantity of NG through the spark plug just before the ignition. As a consequence, a partial stratification of the charge occurs, so providing an easily ignitable air-fuel mixture close to the spark plug itself. In this way it is possible to burn an overall ultralean air fuel mixture with the previously-described advantages in terms of engine efficiency and pollutant emissions. The engine operating conditions are reported in Table 5 and it is worth emphasising that the secondary injection consists of a small amount of NG, which is less than 5% of the main charge. Under these particular conditions, the numerical analysis makes it possible to examine the detailed three-dimensional distribution of thermo-fluid dynamic quantities, thereby furthering understanding of the combustion processes.
As an example, in Figure 21 the air-fuel equivalence ratio (α/α st ) is shown at the end of the PSC injection (43° before top dead centre): the overall air fuel mixture is ultra-lean (>1.6) and homogeneous and just close to the spark plug a rich zone of NG is observed. The black and white lines represent the 1 and 1.5 equivalence ratio isolines, respectively.
In Figure 22 the temperature field when the burned mass is 60% is presented, highlighting in this case its asymmetrical characteristics.
Finally, in Figure 23 the numerical-experimental pressure trace comparison is sketched, showing reasonable agreement. This confirms the predictive capabilities of the code, even under these non-homogeneous mixture conditions. 
CONCLUSIONS
A mixed numerical and experimental methodology has been developed by UBC and UTV in order to completely exploit the potential of NG as a fuel for automotive applications.
Particular attention has been devoted to the engine operation under lean and ultra-lean, homogeneous and stratified mixture conditions in a single cylinder research engine. The study has yielded promising results that further the understanding of CNG-fuelled engines operating under partially stratified air/fuel mixture conditions.
The main results can be summarized as follows:
The numerical results under homogeneous lean or stoichiometric mixture conditions present a very fine agreement with the experimental data, thus demonstrating the code reliability. This agreement is maintained for all of the main engine operating conditions (different speeds and loads). No tuning of constants was necessary to numerically capture the experimental data;
The preliminary results related to the PSC engine concept again demonstrate the capability of the code (specifically the injection, ignition and combustion models). The physical phenomena involved have been correctly represented as a non-homogeneous mixture distribution, which is a key parameter in the PSC engine optimization. Further activities will be related to a more detailed analysis of the PSC engine in order to build a definitive, robust methodology which would allow the design and optimization of the engine geometry, together with optimization of injection and combustion timings. These activities will consist in:
More detailed analysis of the numerical code capability -in order to correctly reproduce the physical phenomena, the model will be "stressed" with extreme operating conditions, both in terms of homogeneous and stratified charge; CFM improvement, if necessary, as proposed in [46, 47] where the CFM formulation has been extended. Introduction of fuel and oxygen tracers would allow the local computation of the fresh gases composition, mixture and enthalpy. By these means a more accurate calculation of the laminar flame speed and, therefore, of the reaction rate seems to be possible; Detailed chemistry modelling must be implemented to predict pollutant emissions. 
APPENDIX
The model used to analyze 1D pipes is the well-know twostep Lax-Wendroff scheme [48] , modified and made Total Variation Diminishing by the use of techniques for the solution stability of hyperbolic problems [49, 50] .
Therefore, the code is particularly reliable and well describes the propagation of pressure waves within ducts. The basic equations are the Eulerian's ones, which describe the mass, momentum and energy balance: The information exchange among different objects is executed through the use of joint elements. They represent the most critical elements of all fluid dynamics sections.
The mass and energy balances are solved through the Method of Characteristics with semi-empirical corrections used for the evaluation of the loss coefficients [51] . Each joint is characterized by two nodal points that are connected through calculated loss coefficients; they are fixed through compatibility equations until attainment of the inlet and outlet mass balance. Once obtained mass balance, the objects extremities are fixed by characteristics lines, finding their thermodynamic parameters.
